Clinical diagnostic sequencing currently focuses on identifying causal mutations in the exome, wherein most disease-causing mutations are known to occur. The rest of the genome is mostly comprised of regulatory elements that control gene expression, but these have remained largely unexplored in clinical diagnostics due to the high cost of whole genome sequencing and interpretive challenges. The purpose of this review is to illustrate examples of diseases caused by mutations in regulatory elements and introduce the diagnostic potential for whole genome sequencing. Different classes of functional elements and chromatin structure are described to provide the clinician with a foundation for understanding the basis of these mutations.
INTRODUCTION
Since 1956, when Ingram, Hunt and Stretton described an association between an amino acid substitution in the beta-globin gene and sickle-cell disease [1] , mutations in the protein coding regions of genes have been associated with human-genetic disease. To date, pathogenic variants have been described in association with monogenic disorders in over 4500 genes. Sequencing the coding region, or exome, of individuals suspected of having a genetic disorder identifies 25-50% of disease-associated mutations [2, 3] . This leaves the genetic etiology of many cases undetermined. Although some of the failure to identify mutations in the coding region may be due to technological, interpretive, or other limitations of exome sequencing, some of the causative variants probably lie outside of the coding region and are within regulatory and other regions of the genome.
There is a growing body of literature indicating that functional regulatory elements, such as enhancers and insulators, in noncoding regions of the genome are associated with congenital anomalies (Table 1) [4] [5] [6] [7] [8] [9] 10 && ,11 & ,12-14,15 && ]. Somatic disruption of these regulatory elements has also been described in cancer. Further illustrating their importance, it is clear that DNA variants within enhancer elements genetically predispose to a variety of common and complex traits, including heart disease, diabetes, cancer, obesity, hair color, and hundreds of others [16 && ,17] . Whereas diseasecausing mutations in genes often disrupt amino acids or gene splicing and alter the function or levels of the protein product, the predominant view is that variants in regulatory elements cause abnormal phenotypes through anomalous gene expression.
The exome makes up less than two percent of the human genome and the rest, formerly known as 'junk DNA', is largely comprised of elements that regulate the timing, cell type, and levels of gene expression. Until recently, limitations in technology and a lack of knowledge about the specific locations of regulatory elements in DNA caused the field to focus on coding regions of the genome, wherein 85% of known disease-causing variants have been described [18] . With projects such as ENCODE (ENCyclopedia Of DNA Elements) [19] and the Epigenomics Roadmap [16 && ] coupled with advances in next-generation sequencing, we now have epigenomic reference maps that have helped to delineate the genome-wide locations of regulatory elements in hundreds of human cell types. These maps allow the interrogation of the other 98% of the genome, which is as essential to gene function as coding regions.
In this review, we provide cursory background information on the basics of functional elements and gene regulation. More detailed reviews are provided in the following references [20] [21] [22] [23] [24] [25] . We then cite specific examples of diseases caused by mutations in noncoding regions, and describe the proposed pathogenic mechanism for each disorder. Lastly, we discuss whether the time is right for clinical diagnostic sequencing to transition from sequencing the exome to the whole genome.
Functional elements
Noncoding functional elements include promoters, enhancers, insulators, operons, and silencers; each of which plays a different role in regulating gene expression. As much as 80% of the human genome is comprised of these elements [19] . DNA mutations that disrupt the function of regulatory elements cause gene dysregulation and a corresponding abnormal phenotype. The DNA changes associated with disease are similar to what has been described previously: translocations, deletions, duplications, insertions, and point mutations. The impact of pathogenic DNA variants in functional elements is highly complex and the full picture has not yet emerged. We provide examples here to summarize what we do know, with the knowledge that we are in the early stages of understanding the complexities of transcriptional regulation and human development.
The complex dance of enhancers
Gene enhancer elements dictate which genes are expressed in a particular cell type, the timing of their expression and the levels of their expression. Our work on comparing enhancer elements between two closely related pluripotent cell types (embryonic and epiblast stem cells) has shown that there are major differences in the locations of enhancers despite the fact that these two cells types express a similar set of genes [26] . This demonstrates a fundamental principle in enhancer biology; that enhancers are dynamic elements in the genome, in contrast to the unchanging positions of genes. Each cell type contains 20 000-50 000 potential gene enhancer elements functioning within the three-dimensional context of chromatin [19] . Although it seems intuitive that enhancers, such as promoters, would be located close to the genes they regulate, this is not often the case. Enhancers can be located as much as a megabase or more upstream or downstream from the genes they control and may even be on different chromosomes [27] . This is easier to understand when one considers
KEY POINTS
Exome sequencing identifies 25-50% of diseaseassociated mutations.
Mutations disrupting enhancer elements and chromatin boundary elements located outside the exome can cause congenital malformations.
Somatic mutations disrupting regulatory elements can activate oncogenes in cancer.
Studies that integrate whole-genome sequencing with maps of chromatin landscapes can facilitate the discovery of noncoding regulatory mutations. the dramatically different configurations between an unwound strand of DNA and the tightly packaged DNA found in the cell nucleus. The packaging of DNA around histones and chromatin change the proximity of genes to one another. Adding to the complexity, a single enhancer can control multiple genes and many individual genes are regulated by more than one enhancer [27] [28] [29] [30] . During development, the locations of enhancers change with regularity, driving gene expression programmes specific to cell types and determining cellular identity [31, 32] . As such, individual cell types of the human body have distinct epigenomic landscapes due to the specificity of enhancers required to determine and maintain cellular identity.
Preaxial polydactyly
Well before the advances in technology that have enabled genome-wide identification of enhancers, preaxial polydactyly 2 (PPD2) was described in association with a mutation in an enhancer element [7, 8] . The first case described a 3-year old with PPD2 and a balanced translocation, the breakpoint of which was within intron 5 of the limb region 1 protein homolog (LMBR1) gene. Extensive investigations of this and other patients, as well as murine models, demonstrated that intron 5 of the LMBR1 gene contains the zone of polarizing activity regulatory sequence (ZRS), which harbors an enhancer element that regulates expression of the sonic hedgehog (SHH) gene [4] . Although the LMBR1 gene is not impacted by mutations in the ZRS, disruption of the enhancer element, which is nearly 1MB from the SHH gene, causes SHH to be misexpressed in the developing limb bud. Of particular interest, mutations in the protein coding region of the SHH gene cause holoprosencephaly [33, 34] , a congenital disorder of the forebrain that does not involve the limbs. Following the findings of Lettice, other groups also have shown variants in the ZRS in patients with PPD2 [5, 6, 9] , verifying that these mutations are causal and suggesting the potential for diagnostic relevance.
Pancreatic agenesis
Pancreatic and cerebellar agenesis is a neonatal lethal disorder that has been described in families with recessive mutations in the pancreas-specific transcription factor 1a (PTF1A) gene [35] [36] [37] [38] . Isolated pancreatic agenesis is a relatively recent example that points to a tissue-specific congenital defect stemming from enhancer mutations [10 && ]. The investigators' success in finding this association is due in no small part to advances in technology, as well as the databases and tools that have been made available through groups such as ENCODE and the Epigenetics road map. Taking a two-pronged approach, the investigators performed wholegenome sequencing in individuals with pancreatic agenesis from two families with consanguineous parents. The authors also differentiated normal human embryonic stem cells into pancreatic endoderm and identified the locations of active enhancers. By overlaying these two data sets, they were able to identify the presence of homozygous variants in a pancreatic developmental enhancer located 25 kb downstream of the PTF1A gene within a 400-bp evolutionarily conserved region. They subsequently found that, in an additional 10 patients with isolated pancreatic agenesis, seven had mutations in the pancreatic embryonic progenitor enhancers. The authors further reported that this enhancer was specific to early pancreatic development and was not observed in other cell types. This is consistent with the phenotype and also speaks to the tissue specificity of enhancers during development. We believe that this strategy of combining genome sequencing and epigenomic profiling of relevant cell types will help identify the molecular cause of disorders that have so far remained unexplained.
Pierre-Robin sequence
Mutations in the coding region of the SOX9 gene are associated with campomelic dysplasia [39, 40] , an often-lethal congenital malformation syndrome characterized by severe bowing of the long bones, respiratory insufficiency and abnormal male sexual differentiation. Patients with campomelic dysplasia may also have Pierre-Robin sequence (PRS), a malformation of the mandible that results in micrognathia or retrognathia, glossoptosis and cleft palate. The SOX9 gene is an high mobility groupbox transcription factor active during the embryologic development of many diverse progenitor cells [41] . Its regulatory circuitry is likely to be highly complex. Mutations both upstream and downstream of the SOX9 gene have been associated with isolated cases of PRS and it is proposed that these mutations lie in SOX9 enhancers and are required for appropriate SOX9 expression during development [11 & ]. Recently, a large 1Mb-sized deletion upstream of SOX9 was found in patients with either isolated PRS, isolated congenital heart defect (CHD), or both of these defects from two families [12] . This large deletion includes enhancers that regulate NKX2.5 and GATA4, genes known to be associated with CHD [42, 43] . Further studies are required to better understand the association between this large deletion, the associated phenotypes, and the genes they may dysregulate.
Other congenital disorders
There are other examples of diseases that may be due to mutations in enhancers. For example, mutations in the coding region and an enhancer of the RET (rearranged during transfection) gene have been associated with Hirschsprung's disease [13] . Rare, homozygous mutations in T-box 5 (TBX5) enhancers have been reported in isolated congenital heart malformations (<0.5% in Brazilian patients) [14] .
Mutations that disrupt chromatin boundary elements can cause developmental anomalies
In addition to enhancer elements, the three-dimensional structure of chromatin is a key contributor to gene expression. Recent studies have helped to delineate the three-dimensional structure of chromatin using genome-wide chromosome conformation capture methods such as Hi-C [44] [45] [46] . These studies have shown that the genome is partitioned into megabase-size topologically associated domains (TADs). TADs are regulatory domains that constrain the interactions between enhancers and promoters. TADs are separated by CCCTC-binding factor-bound boundary elements that block physical interactions between neighboring TADs. The locations of TADs are relatively consistent between different cell types and are evolutionarily conserved between mammals.
Congenital limb malformations were described in association with disruptions of TADs [15 && ]. The investigators used high-resolution array CGH and whole-genome sequencing to identify megabasesized structural variants in patients with brachydactyly, F syndrome (syndactyly) and severe polydactyly and craniofacial abnormalities. The large structural variants they observed disrupt TADs that encompass four genes: WNT6, IHH, EPHA4, and PAX3. The investigators used the clustered regularly interspaced short palindromic repeats (CRISPR)/Cas system to recreate the structural abnormalities in mice. The mutations, an inversion, a deletion excising the EPHA4 gene, and a tandem duplication, force new interactions between the EPHA4 enhancers and genes within the locus that they do not normally regulate. These mutations lead to misexpression of the genes in these TADs, causing the observed limb malformations. The loss of the EPHA4 gene itself is not associated with limb malformations, but rather the misexpression of genes adjacent to EPHA4 that are ectopically activated upon disruption of the TAD boundary elements. These examples show that the loss of the integrity of the three-dimensional structure of chromatin can cause birth defects. This discovery is particularly exciting because we know that structural abnormalities are common in individuals with abnormal phenotypes, yet when these are identified in gene deserts their significance is uncertain. By integrating the Hi-C maps of TADs and boundary elements with the locations of genes and regulatory elements, new light can be shed on the potential pathogenicity of structural variants.
Cancer
There are parallels between germline mutations in regulatory elements that cause congenital disorders and somatic mutations in cancer. It is well known that most cancers have numerous and diverse somatic mutations, some of which are recurrent. It has long been observed that in lymphoid malignancies, there are translocations that result in repositioning of the MYC oncogene near enhancers of the immunoglobulin genes [47] . A more recent study looked at functional outcomes of recurrent chromosome 3q inversions and translocations in patients with acute myelogenous leukemia (AML) [48 && ]. These structural rearrangements move the GATA2 enhancer to a new location near the EVI1 gene, causing a decrease in GATA2 expression and a concomitant increase in EVI1 expression. Excitingly, the uncontrolled growth of AML cells was reduced with the excision of the misplaced enhancer and a return to the appropriate silencing of EVI1 expression, suggesting that dysregulation of enhancers can be reversed and providing a basis for therapeutic possibilities.
As a second example, we highlight elegant studies in medulloblastoma [49 && ]. Here, different types of structural variations (tandem duplications, deletions, inversions and more complex rearrangements) were observed at chromosome 9q34 in 7% of cases. The structural variations result in repositioning of the growth factor independent I (GFI) family protooncogenes, GFI1 and GFI1B, near a super enhancer located in the vicinity of the DDX31 gene, which drives ectopic activation of the GFI oncogenes. The authors describe this concept of merging oncogenes with active enhancer elements as 'enhancer hijacking' and speculated that this may reflect a general mechanism of oncogene activation in other forms of cancer.
With newly available datasets from The Cancer Genome Atlas (TCGA) and publicly available epigenome maps, studies have found recurrent single nucleotide mutations in enhancers [50] , for which in-vitro assays show a reduction in enhancer activity. We expect an explosion of new information around the effects of these regulatory mutations on gene dysregulation in cancer.
CONCLUSION
To date, there are only a handful of examples wherein mutations in noncoding elements have been shown to alter gene expression and cause disease. Yet sequencing of the coding region identifies a genetic diagnosis in only 25-50% of individuals [2, 3] . Although the diagnostic limitations of the current state of whole-exome sequencing (WES) may account for some of the missing diagnoses, we believe that based on the observations presented above, a significant number of patients will likely have disease-causing mutations outside the exome. As sequencing costs come down, whole-genome sequencing will become a clinical option for patients who have tested negative by WES and may eventually become a first-line diagnostic test. Aside from cost, however, the clinical application of genome sequencing will require a host of resources to appropriately interpret and classify variants.
Various levels of data analysis are required to evaluate variants. As with exomes, genome sequencing will require population data to determine variant frequencies. Given that noncoding variants cannot be annotated for changing an amino acid or predicted effects on a protein product, the relevant analytic tools for genome sequencing will integrate variants with epigenomic maps that show the locations of regulatory elements from relevant human cell types. When combined with genomic sequence data from a patient, one can see if a putative mutation lies within a regulatory element in a cell type relevant to the patient's phenotype. It will be important to functionally validate the candidate associations, and one of the most robust methods currently being used is the generation of iPS-cell technologies. The beauty of iPS technology is that the pluripotent stem cells can be differentiated into progenitor cells representative of the cell types affected in the patient's disorder. This methodology is still challenging, however, and requires expertise at a level not readily accessible to many investigators. As we have seen, CRISPR/Cas strategies have been used to model the mutations in mice [15 && ], and this is a powerful method for recapitulating the effects of enhancer variants on gene expression. A major limitation of using mouse models is that enhancers are poorly conserved between mice and humans. CRISPR/Cas editing to introduce noncoding mutations into wild-type cells and study their consequences on cellular function is another approach that utilizes model systems to study gene dysregulation.
Given that specific noncoding variants are likely to be rare, crowdsourcing and data sharing will be essential to look for the hot spots associated with disease. Although several pieces need to fall into place for genome sequencing to be a reality in rare disease diagnostics, the realization of its clinical application will benefit patients in whom a diagnosis has been elusive.
